Two field experiments using maize (Pioneer 31H50) and three watering regimes fully irrigated for the whole crop cycle, fully irrigated until tasselling, then rain-grown after tasselling, and rain-grown for the whole crop cycle (Experiment 1) and fully irrigated and rain-grown for the whole crop cycle (Experiment 2) were conducted at Gatton, Australia during the 2003-04 season. Data on crop ontogeny, leaf, sheath and internode lengths and leaf width, and senescence were collected at 1 to 3 day intervals. Light intensity below the canopy was measured with tube solarimeters (5 per treatment and a reference tube outside the crop area) and recorded with a data logger. A glasshouse experiment during 2003 quantified the responses of leaf shape, and leaf presentation to various levels of water stress assessed by a porometer. Data from Experiment 1 were used to modify an architectural model of maize (ADELMaize) to incorporate the impact of water stress on maize canopy characteristics. The model requires further development before being validated using data from Experiment 2 and other independent data, and will then be used to extend functionality in architectural models of maize. With further research and development, especially in quantifying light interception, the model should be particularly useful in examining the response of maize production to water stress including improved prediction of total biomass and grain yield. This will facilitate improved simulation of plant growth and development processes allowing investigation of genotype by environment interactions under conditions of nonoptimal water supply.
Introduction
Key processes in the development of crop canopies are the extension of the stem and leaves, both of which affect vertical distribution of leaf area, light interception (i.e. aspects of plant architecture), light use efficiency, flowering, and distribution of assimilate among vegetative and reproductive growth which influence final yield of crops. Most models of production of crop canopies do not consider the dynamics of vertical growth of plants, and treat the canopy as a homogeneous entity, providing insufficient detail and resolution to account for plant and canopy architecture Andrieu 1998, 1999) . Recently, considerable progress has been made in developing an architectural model of maize (ADELMaize, Fournier and Andrieu 1999) , and in quantifying processes of internode and thus stem Andrieu 2000, Birch et al. 2002) , and leaf extension in maize. These additional capabilities introduce functionality into the structural model, and therefore ultimately to applications in simulation of the effect and efficiency of diverse agricultural inputs e.g. fertilisers, planting rates, and pesticide application (Room et al. 1996 (Room et al. , 2000 . These studies have contributed important understanding of processes of canopy production in maize, and provided an analytical framework capable of adaptation to other crops. The capabilities being developed will be increasingly important as agricultural production adopts concepts of enhanced sustainability, and site specific management with reduced or variable rate of inputs to accurately reflect local variability in resources and plant performance.
Much of the agricultural land currently or potentially useable for crop production receives inadequate rainfall to meet crop water requirements. Either short-term transient or longer-term water stress limits crop growth and yield.
Short duration water stress events, especially just after silking, may reduce maize yields from a potential 5-8 t/ha down to 2 t/ha or even cause total crop loss (Westgate and Boyer 1985, Muchow 1989) , and are an important limitation to crop production in the semi-arid tropical and sub -tropical regions of Asia, Africa and Australia. Consequently, crop production in these regions is highly variable, and in areas of high population pressure (Africa and Asia), contributes to food shortages. Water stress limits crop yield and constrains the areas in which maize can be grown using current technology. When it occurs during grain filling it can lead to crop failure in otherwise well grown crops, due to exhaustion of soil water reserves (Grant et al. 1989 , Muchow 1989 ). This exhaustion is usually due to excessive leaf canopy production and thus transpiration during the vegetative stage coupled with low rainfall during grain filling. Similarly, short duration stress events, e.g. just after silking, can reduce yield substantially (Muchow 1989 , Meyer et al. 1993 ). This combination of circumstances occurs widely in all semi-arid tropical and subtropical regions.
Water stress limits cell expansion and hence stem and leaf growth. The consequent reduction in leaf area (Muchow and Carberry 1989) reduces light interception and thus daily growth, ultimately lowering economic yield. These principles are well established from observation of the final size of organs and the yield of plants grown under water stress, but the dynamics of leaf initiation, appearance and extension, and sheath and internode extension in response to water stress, have rarely been quantified. Plants also respond to water stress by changing leaf shape and/or inclination (Trenbath and Angus 1975) . In maize, outer edges of leaves roll inwards reducing effective photosynthetic area, leaf angle of inclination reduces, and the rate of senescence increases (Muchow and Carberry 1989) .
Study of the dynamics of organ extension will enable the relationship between rate of extension, timing of stress events, and final size and shape of organs to be quantified. This will lead to a better understanding of which organs are conserved (undergo preferential growth), and which are not, during water stress. Further, most crop models use empirically derived 'discount' factors to reduce leaf area production, canopy area, light interception and photosynthesis in response to water stress. Replacing 'discount factors' by functions derived from study of organ response to water stress will improve the accuracy of prediction by crop models making them more useful in research, as well as in strategic and tactical on-farm management.
Most modern-day crop models consider very few parameters or dynamic properties at the individual plant level, and focus on the crop on a macro-scale. Such models are analogous to considering the whole crop as a single unit with inputs and outputs. In recent work, Hanan and Hearn (2001) followed a top-down approach, driving individual plant architecture models with a crop-level physiological model. The work reported here allows investigation of provision of feedback from the individual plant model to the crop model (Hanan 1997) , including those that contain water stress adjustments (McCown et al. 2002, Muchow and Sinclair 1991) . Capturing the three-dimensional relationships between individual plants and their micro-environment over time, allows the way stresses affect canopy architecture, photosynthetic efficiency and therefore crop yield to be investigated, and allows updating of algorithms and parameters for improved operation of classical crop models.
The aims of the research are to enhance our understanding of the impact of water stress on the production of maize canopy structure, and to develop and test an individual-based, structural-functional model of a maize plant under water stress with a view to discovering the effect on dynamic canopy architecture and plant-plant interactions. This paper reports on aspects of the field experimentation and the initial stages of modification of the model, and indicates the direction of future research to enhance the utility of the modified model.
Materials and methods
The research consisted of a glasshouse experiment and two field trials and the modification of an existing model for predicting canopy production using data from one field trial, with remaining data retained for subsequent validation of the modified model.
The glasshouse trial was conducted to obtain data on changes in leaf shape, presentation and inclination due to water stress. Maize plants were grown in pots with three levels of water supply: nonstressed, moderately stressed and severely stressed. Leaf resistance to water diffusion was measured with a porometer and leaf length, width, shape and presentation angle were measured with a digitiser.
The field experiments were conducted at Gatton. Populations of maize cultivar Pioneer 31H50 were planted on 10 November 2003 and 26 th January 2004 and were fully irrigated (both experiments), irrigated until tasseling, then non-irrigated (first experiment) and non-irrigated (both experiments) and destructively sampled regularly. Adequate nutrients for non-limiting conditions were applied, and weeds and pests rigorously controlled.
Detailed data on hourly average and daily maximum and minimum air temperatures, vapour pressure deficit, incident radiation, rainfall and evaporation, soil temperature at 5 cm and 1 cm deep, 5 cm above ground, and hourly average temperatures at the plant apex until the apex was 40 cm above ground were collected (as in Birch et al. 2002) . Plant data were collected by a combination of destructive and non-destructive sampling for crop development stages of emergence (coleoptile visible above ground), establishment (three leaves visible on 75% of plants, tassel initiation as in Moncur (1981) . Data included times of tasselling, silking, and physiological maturity, total and fully extended leaf number (including microscopic primordial leaves), leaf lamina and sheath status (extending, fully extended, senescing, as appropriate), visible length of laminae and sheaths, total and presentation leaf width (the latter allowing for rolling of leaves when water stressed), utilising manual and automated data collection as appropriate to the data being collected.
The modelling study used a plant modelling language (Prusinkiewicz et al. 2000) developed to provide the capability of simulating 3D structural growth based on L-system (Lindenmayer 1968) specifications at any required level of detail (Prusinkiewicz 1998 , Wilson et al. 1999 ). The first step was to extend the capability of an existing structural functional model of maize, ADEL-Maize (Fournier and Andrieu 1999) to accurately model the impact of water stress on maize canopy architecture. For this, a subset of the data was used for parameterization of the model and the remainder retained for use in validation processes.
Results
The effects of water supply regime on selected plant characteristics are included to illustrate effects on the maize canopy. Effective individual leaf area tended to be greater in fully irrigated than raingrown conditions at 60 days after sowing (Figure 1a) , though the differences were not great. Leaf lengths were mostly unaffected by water regime, though presentation widths of leaves were reduced in the raingrown treatment, reducing effective leaf area. Above leaf 10 and internodes were consistently shorter in the raingrown than irrigated crop (Figure 1b) .
Modifications to the model
The major changes were modifications to parameters that control the size of individual leaves and internodes, allowing the simulation of the dryland and irrigated plants as observed in the experimental data. At this stage of our research, we elected to take an empirical approach, defining organ lengths directly. Parameters for leaf laminae and sheath length, and internode length, are specified at the beginning of the model run. One of these sets of parameters is chosen, depending on which growing condition the user opts to simulate. The original model has the facility to use either data for each fully expanded organ length, or to generate a set of organ lengths given a maximum lamina or internode length, with a relationship between these maximum lengths and the position of a given organ on the plant. The key parameters that differ from the original model are: lamina, sheath, and internode lengths; maximum number of leaves per plant (and therefore the developmental and physical length of the main stem); and the ratio of full lamina width to lamina length. Cardinal temperatures for calculation of thermal time were retained. These changes represent both cultivar-specific differences between the original model and the current iteration, and developmental responses to the different growing conditions experienced at the Gatton field site in general, and between the water supply regimes in particular. Leaves above position 7 on the plant were found to present less than their full width once mature under the conditions experienced in these experiments. A simple multiplier for width is applied to the calculation of lamina presentation width from lamina length: for irrigated plants, the multiplier is 0.84; for rain-grown plants the multiplier is 0.57.
An empirical representation of leaf senescence was added to the model. Partial data on senescence was collected, in that numbers of leaves found to have senesced were collected on several dates towards the end of the experiment. The number of leaves senescent per day defined only for dates where data was collected; different values are used for the irrigated and rain-grown treatments. It is assumed that senescent leaves are those at the lowest nodal positions on the plant. The model uses the data to determine whether any given leaf should be removed from the plant on the current day. The model produces leaf laminae in three sections: a section with a parabolic curve, a section with an elliptical curve, and a leaf tip. An angle of bending separates each section. Changes were made to the model to prevent unlikely leaf bend angles occurring; by constraining the calculated angles to upper limits such that the angle of any leaf section did not recurve past vertical. The upper limit values were determined by assessment of simulation output.
Observed and fitted leaf area -field experiment
Observed leaf area production and leaf area index (LAI) followed the expected increase until anthesis 60 days after sowing in the two treatments that were fully irrigated until anthesis, but in the nonirrigated treatment, maximum leaf area and LAI occurred around 10 days earlier (Figure 2 ). This was later than expected, as substantial rainfall was received in early December delaying the onset of water stress during the vegetative stage. Fitted leaf areas per plant follow a similar pattern, as they are derived directly from plant leaf area. These show that the model provides an expected pattern of increase in plant leaf area. However, it has not indicated the earlier occurrence of maximum leaf area in the water stressed treatment and has expanded leaf area too slowly prior to 40 days after sowing and then too rapidly to produce final plant leaf areas and leaf area indices close to observed values in both treatments. Figure 3a and b show the progressive increase in observed and fitted plant height (cm) respectively, calculated as the sum of internode, peduncle and tassel lengths for the fully irrigated and dryland treatments. Plant height in the irrigated to anthesis treatment was similar to that of the fully irrigated treatment. As with leaf area, final plant height is reasonably accurately fitted. However, it does not increase sufficiently rapidly early in plant life, but increases very rapidly just prior to the end of leaf growth around 60 days after sowing to be close to observed values at this time. Subsequent increase in plant height, due to further extension of the upper internodes, peduncle, and elevation of the tassel produce slightly taller plants than observed.
Plant height

Canopy prediction
The model produced predictions of the canopy at anthesis that were realistic representations of the canopy (Figure 4 a, b) . The visualisations, as expected, are quite similar, as the LAI values in the experimental data set at tasselling were 5.1 (irrigated) and 4.2 (non -irrigated), both being sufficient for near full light interception. Plant heights are correctly shown as shorter by around 25 cm for the dryland crop. 
Discussion
The virtue of the approach is to allow detailed description of how water stress impacts on the structure of the canopy and to allow de-correlation of the effect on light interception from that on leaf photosynthesis. It is evident that the model provides credible terminal predictions of the final 3D structure. This was expected as final organ size data were provided empirically. This approach makes it possible to simulate the time course of structural development from such a final size data set. In this way we hope to explore the relationships by which water stress impacts on productivity. However, temporal predictions are not sufficiently accurate to be used reliably in assessing requirements for and effects of agronomic inputs as proposed in Room et al. (2000) and Birch et al. (2003) . It is likely, then, that one or more functions in the model are producing intermediate variables that are not applicable in environments represented by Gatton. The challenge now is to locate the causes of low predictions of leaf area and plant height early in plant life and make the necessary modifications. Coupled with this is the need to ensure the modifications are generally applicable, rather than being specific to environments similar to Gatton.
The consistency in under-prediction of both cumulative leaf area and plant height early in crop life while terminal values are close to observed values indicates that plastochron and/or extension rate is low. ADEL-Maize produced acceptable predictions of individual leaf area for maize plants with 16 leaves and a maximum leaf area of 600 cm 2 and provided sound fitted values for dry matter accumulation up to 50 days from emergence for differing populations (Fournier and Andrieu 1999) . Our plants were larger, having 22 leaves and maximum individual leaf areas of 720 cm 2 (irrigated), factors that have been found important to the performance of canopy-based models, requiring either specific input or embedded predictive equations to accurately predict them (Muchow and Sinclair 1991, Birch et al. 1998 ). It may be that modifications are also required in the architectural model. Also, the accuracy of final fitted values following low intermediate values suggests that constants and perhaps equations that control intermediate values for leaf expansion and internode extension should be re-examined. Though yet to be confirmed by sensitivity analyses, it appears that the plastochron may be incorrect. Also, the simple procedures used for prediction of peduncle and tassel length need revision based on additional data available in the present study and almost certainly additional experimentation. To improve the fitted values and permit assessment of the performance of the model on independent data sets with final leaf numbers ranging from 18 to 24, sensitivity analyses of key constants, coefficients and variables in the model will be conducted. As part of this analysis, the results of the glasshouse trial will be used to investigate modelling of the impact of water stress on effective (presentation) leaf width and leaf shape. Values for relative extension rates and linear extension rates of internodes and phyllodes (sheath plus laminae) for maize with 20 to 24 leaves grown under water nonlimited conditions at Gatton (Birch et al. et al. 2002 , Birch et al. 2005 will be incorporated in the model, along with daily weather data rather than the use of a single daily mean temperature currently used. Curvilinear equations for extension of peduncles and tassels will be developed from available experimental data. On completion of these steps, the performance of the revised model will be assessed on independent data sets for a wider range of cultivars grown under irrigated and non-irrigated conditions, including the second field experiment referred to here and data in Madhiyazhagan (2005), Birch (1996) , Birch (1991) , Karanja (1993) and Birch (2005, unpublished) .
